Rationale: Maintaining optimal symptom control remains the primary objective of asthma treatment. Better understanding of the biologic underpinnings of asthma control may lead to the development of improved clinical and pharmaceutical approaches.
Methods: We performed gene set enrichment analyses of asthma control in 1,170 adults with asthma, each with gene expression data derived from either whole blood (WB) or unstimulated CD4
1 T lymphocytes (CD4), and a self-reported asthma control score representing either the preceding 6 months (chronic) or 7 days (acute). Our study comprised a discovery WB cohort (n = 245, chronic) and three independent, nonoverlapping replication cohorts: a second WB set (n = 448, acute) and two CD4 sets (n = 300, chronic; n = 77, acute).
Measurements and Main Results:
In the WB discovery cohort, we found significant overrepresentation of genes associated with asthma control in 1,106 gene sets from the Molecular Signatures Database (false discovery rate, ,5%). Of these, 583 (53%) replicated in at least one replication cohort (false discovery rate, ,25%). Suboptimal control was associated with signatures of eosinophilic and granulocytic inflammatory signals, whereas optimal control signatures were enriched for immature lymphocytic patterns. These signatures included two related biologic processes related to activation by TREM-1 (triggering receptor expressed on myeloid cells 1) and lipopolysaccharide.
Conclusions:
Together, these results demonstrate the existence of specific, reproducible transcriptomic components in blood that vary with degree of asthma control and implicate a novel biologic target (TREM-1).
Keywords: genomics; gene expression; asthma; exacerbation; blood Maintaining optimal symptom control remains the primary objective of asthma treatment (1) . Despite the availability of several classes of controller medications, including inhaled corticosteroids, leukotriene receptor antagonists, and long-acting b-adrenoceptor agonists, suboptimal asthma control remains common and burdensome. Although insufficient access to healthcare resources and poor patient compliance with medication adherence are major barriers to disease management, a better understanding of the biologic underpinnings of the preexacerbation state is needed to develop targeted clinical and pharmaceutical approaches for maintaining effective asthma control.
One relatively underused strategy for novel pathway identification is to relate differences in asthma phenotypes to gene expression profiles in disease-relevant tissues (2) . Three studies of small or modest size have profiled gene expression during acute exacerbation in blood or nasal cells, reporting up-regulation of similar pathways related to innate and adaptive immune responses (3) (4) (5) . However, these studies focused on expression changes during acute exacerbations and provided no information regarding expression across the broad range of asthma control states that precede exacerbation. Given that cellular and transcriptional responses during acute asthma exacerbation are highly complex (6) , the gene pathways perturbed may be quite different from those that destabilize asthma control and trigger exacerbation in the days preceding an acute crisis. Although detection of these earlier alterations may be more informative for the development of preventative controller strategies (7) , only one small study of differential gene expression and asthma control has been conducted in circulating leukocytes from children in a broadly uncontrolled severe or controlled persistent disease state (8) . Although these profiles related to various kinase signaling pathways are biologically relevant, their modest sample sizes inhibit their broad generalization.
To address these deficiencies and determine the transcriptomic bases of chronic and acute asthma control, we performed a large-scale gene expressionphenotype association analysis of 1,170 adults with asthma ( Figure 1 ), consisting of four nonoverlapping cohorts from Asthma BRIDGE (Asthma BioRepository for Integrative Genomic Exploration) (9) and the CAMP (Childhood Asthma Management Program) study (10) . Asthma control was assessed using modified forms of the validated Asthma Control Test (ACT), a composite clinical measure of asthma symptom control (11) . Recognizing the polygenic nature of asthma and related phenotypes, such as symptom control, we leveraged gene set enrichment analysis (GSEA) to enable simultaneous assessment of interrelated genes as a unit (12) . We identified specific pathway gene sets showing reproducible enrichment in our blood-related datasets across tissue type and phenotypic chronicity. These results help conclusively establish reproducible molecular signatures of asthma control, suggesting pathways possibly amenable to direct therapeutic targeting. Some preliminary results from this study have been previously reported in abstract form (13) .
Methods
The Asthma BRIDGE dataset, which has been described previously (9, 14, 15) , comprises a cohort of subjects selected from the EVE asthma genetics consortium (16) . Additional detail on subject ascertainment is presented in the METHODS section of the online supplement. Briefly, gene expression was measured in two sets of whole blood (WB) samples and one set of unstimulated CD4
1 T-lymphocyte (CD4) samples (each sample corresponding to a single subject). An additional CAMP CD4 dataset (distinct from the CAMP WB dataset within Asthma BRIDGE) has also been described previously (17) . All gene expression and phenotype data are publicly available to download from the Database of Genotypes and Phenotypes (dbGaP accession number pending) or from the Gene Expression Omnibus (GEO accession number GSE22324), respectively. All 1,170 adult subjects from the four nonoverlapping cohorts had physician-diagnosed asthma. Additional demographic characteristics are summarized in Table 1 .
Using clinical phenotype data available in Asthma BRIDGE and in CAMP, we developed two composite scores summarizing self-reported asthma control in the preceding 6 months (chronic, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] and 7 days (acute, 0-28), respectively, each modeled on the ACT questionnaire (11) , where higher scores indicate worse asthma control. Based on the medians of the corresponding phenotypic distributions, optimal chronic asthma control was defined as a score less than or equal to six in BRIDGE WB and moderately suboptimal asthma control was defined as a score less than or equal to 11 in BRIDGE CD4 ( Figure 2 ). In CAMP WB and CAMP CD4, optimal acute asthma control was defined Tables  E1 and E2 in the online supplement). Additional detail on the phenotypic data is presented in the METHODS section of the online supplement.
Subjects were typed on either the HumanHT-12 v4 Expression or HumanRef8 v2 BeadChip platforms (Illumina, Inc., San Diego, CA) (9, 18) . Log 2 -transformed and quantile-normalized data that passed stringent and commonly used quality control metrics were available for 10,456 gene expression probes found across BRIDGE WB, BRIDGE CD4, and CAMP WB and for a further subset of 6,555 probes in CAMP CD4. Additional detail on data management is presented in the METHODS section of the online supplement.
To identify biologically meaningful sets of genes differentially expressed between suboptimal and optimal asthma control, we constructed an analytical pipeline in R (version 3.1) and Bioconductor ( Figure 1 ) (19) . Differential expression models were adjusted for age, sex, self-reported race, and the first two or three tissue-specific principal components of gene expression to account for batch effects (20) . Differential expression results ranked by fold change were inputs for our GSEAs (12) of asthma control, where we tested two human gene set collections ("C7: immunologic signatures" from the Human Immunology Project Consortium, n = 1,012; "C2 CGP: chemical and genetic perturbations," n = 2,134) from the Molecular Signatures Database (MSigDB, version 4.0) (21) . Only gene sets showing strongly significant enrichment (false discovery rate [FDR] , ,5%) in the discovery cohort (BRIDGE WB) were tested in the three independent replication cohorts (BRIDGE CD4, CAMP WB, CAMP CD4). Gene set replication was defined as a significant enrichment directionally consistent with the discovery cohort (FDR, ,25%). Additional analytical detail is presented in the METHODS section of the online supplement.
Results

Transcriptomic Analyses of Asthma Control in Discovery Cohort
As the foundation of our transcriptomic analyses of asthma control (Figure 1 ), we first established a discovery cohort and a definition of optimal and suboptimal control based on clinical phenotypes (Table 1) . Among 245 Asthma BRIDGE subjects with WB samples (BRIDGE WB), the chronic asthma control score distribution was heavily left-skewed with a median value of six ( Figure 2 ). Any exacerbation in the preceding 6-month period was reported by only one subject with a control score less than or equal to six and by 37 subjects (31%) with scores greater than six, suggesting this empirical cutoff was reasonable for distinguishing optimal asthma control. Although there was increased prevalence of hay fever and history of asthma-related hospitalizations in subjects with suboptimal asthma control versus those with optimal control (P , 0.05), there was no significant difference in the prevalence of atopic dermatitis between levels of asthma control (see Table E1 ). There was also no evidence of confounding by indication, because only five subjects (2%) reported using inhaled corticosteroids, leukotriene receptor antagonists, or long-acting b-adrenoceptor agonists in the week preceding their blood draw (see Table E2 ), with similar proportions of medication use across levels of asthma control.
Recognizing that complex phenotypes, such as asthma control, are likely mediated through the interactions of functionally related biologic processes, we performed a GSEA of 10,456 genes and their differential expressions by level of asthma control in the discovery cohort (see Table  E3 ). As an aside, we found that several of the genes most strongly expressed during suboptimal asthma control had plausible individual connections to asthma biology in the scientific literature (see the RESULTS section in the online supplement). Briefly, GSEA tests whether related genes in a given set are distributed more toward the top or bottom of a ranked list of differential expression results between two biologic states than expected by chance (12) . The significance of this enrichment score is determined by repeatedly permuting the observed expression-phenotype relationships to create a null distribution for comparison. The leading edge of an enriched gene set (i.e., the further subset of genes contributing most to the enrichment score) then represents the core biology of interest.
Although numerous biologic gene sets are available as hypotheses to test through GSEA, we focused our analysis on two curated knowledge sets from the MSigDB most likely to provide relevant biologic insights into asthma control: the C7 collection (n = 1,012 sets), related to expression profiling studies comparing human immune cell states (22) ; and the C2 CGP collection (n = 2,134 sets), related to differential expression in response to chemical and genetic perturbations. With the C7 collection, we hypothesized that groups of transcriptionally coregulated genes in the immune system are differentially expressed by level of asthma control; with the C2 CGP collection, we hypothesized that broader types of perturbing factors influence expression profiles of asthma control. Within BRIDGE WB, we found significant enrichment for 1,106 gene sets (FDR, ,5%), including 545 (54%) and 561 (26%) from the C7 and C2 CGP collections, respectively (Table 2 ; see Table E4 ). Of these 1,106 enriched gene sets, 784 (71%; 298 C7 and 486 C2 CGP) were positively enriched for suboptimal asthma control (i.e., genes in a given set were distributed toward greater overexpression), whereas 322 (29%; 247 C7 and 75 C2 CGP) were negatively enriched (underexpression). Although these enriched gene C7 and C2 CGP sets comprised 16,975 and 12,601 unique genes, respectively, their leading edges comprised cores of 3,939 and 2,400 unique genes, respectively (see Table  E5 ). This enrichment pattern suggested that genes associated with suboptimal asthma control are localized to specific biologic pathways.
Generalizability of Enriched Asthma Control Gene Sets across Replication Cohorts
To assess the generalizability of our discovery GSEA of chronic asthma control, we performed replication analyses in three large independent datasets of nonoverlapping subjects with differential expression and chronic or acute asthma control data (Table 1) : a second dataset of WB expression profiles from 448 CAMP subjects participating in Asthma BRIDGE (CAMP WB), and two sets of unstimulated peripheral blood CD4
1 T-lymphocyte expression profiles from Asthma BRIDGE (BRIDGE CD4, n = 300) and CAMP (CAMP CD4, n = 177). Gene expression profiles in CAMP CD4 have been used successfully to identify novel genetic susceptibility loci for asthma (23) . Notably, the distributions of chronic or acute asthma control scores in the three replication cohorts differed from that observed in the discovery cohort (Figure 2 ), requiring cohort-specific definitions of optimal asthma control (see the METHODS and supplemental METHODS sections).
We found strong evidence for replication of our enriched asthma control gene sets across the study datasets. Despite differences in phenotypic distributions and tissue types (WB vs. CD4), 583 (53%) of the 1,106 enriched gene sets identified in BRIDGE WB were moderately replicated in at least one other cohort (i.e., their leading edge was enriched in the same direction with an FDR ,25%) and 49 (4%) replicated in at least two cohorts, although none replicated in all three cohorts (Table 2 ; see Table E4 ). In general, replication was much stronger within tissue type (BRIDGE WB vs. CAMP WB), than across tissue (BRIDGE WB vs. BRIDGE CD4) (Figure 3 ; see Figure E1 ). Imposing more stringent replication criteria magnified these differences: at an FDR less than 5%, a total of 316 (29%) BRIDGE WB gene sets replicated in CAMP WB, but only 12 (1%) and four (,1%) in BRIDGE CD4 and CAMP CD4, respectively. Thus, although substantial consistency in gene set enrichment supported the existence of underlying transcriptomic signatures of asthma control, the robustness of these signals was sensitive to tissue-specific effects. Definition of abbreviations: BD = bronchodilator; BRIDGE = BioRepository for Integrative Genomic Exploration; CAMP = Childhood Asthma Management Program; CD4 = CD4 1 T lymphocyte; WB = whole blood. Age is reported for when the asthma control phenotype and gene expression were measured. A history of atopic dermatitis or hay fever represented a report of having the disease for greater than or equal to 2 years. Overnight hospitalization represents a measure of severity before the preceding 6 months. Asthma-related exacerbation events in the preceding 6 months include visiting a doctor, missing work, visiting an emergency room, or being hospitalized. Childhood asthma severity assessments and measurements of lung function and IgE were only available in the CAMP cohorts. FEV 1 is reported before application of a BD.
We then examined other possible confounding factors that might influence our interpretations of these replication patterns. There were largely no significant differences in the prevalence of atopic phenotypes between subjects with suboptimal asthma control and those with optimal control, except for increases in hay fever in BRIDGE WB and in high IgE in CAMP WB (P , 0.05). Suboptimal control was also inconsistently associated with several clinical features of asthma severity (see Table E1 ): in the CAMP WB cohort, but not in CAMP CD4, suboptimal control was associated with more moderate asthma (vs. mild) and with overweight (P , 0.05); in both WB cohorts, but not in the CD4 cohorts, suboptimal control was associated with history of asthma-related hospitalization (P , 0.05). Similarly, inconsistent associations were observed across the cohorts when considering medication usage (see Table E2 ): in both CAMP cohorts, subjects with optimal control reported higher asthma medication usage (P , 0.05); similar relationships were not observed in either BRIDGE cohort. Thus, although there was some correspondence between asthma control, severity, and medication use in the CAMP cohorts, similar associations were much less pronounced in the BRIDGE cohorts.
To confirm that the gene signatures and enriched gene sets identified in the discovery cohort that replicated in CAMP were not driven by these potential confounders, we performed sensitivity analyses removing CAMP subjects who had been taking any asthma medications in the preceding week before sample procurement. We found that the gene set replication pattern was very similar (see Figure E2) , with most of the GSEA results in CAMP (WB, 80%; CD4, 82%) demonstrating directionally consistent associations with the original results (see Figure E3 ). Together, these data demonstrate that our findings provide robust insights into the molecular underpinnings of asthma control that are not confounded by atopy, severity, or medication.
Biologic Support for Enriched Asthma Control Gene Sets
Complementing these replication results and providing initial biologic support for the reliability of our approach was the prominent representation in our results of immunologic processes known to be active in asthma (Figure 4 ). Among replicated BRIDGE WB gene sets enriched during suboptimal asthma control were signatures of eosinophilic gene expression: nine C7 gene sets derived from a particular gene expression study (GEO DataSeries The first row shows counts stratified by MSigDB collection of gene sets with significant enrichment (false discovery rate, ,5%) during suboptimal chronic asthma control or during optimal control in the discovery cohort (BRIDGE WB). The middle three rows show corresponding counts in each of the other three study cohorts of replicated gene sets (consistent direction of enrichment and false discovery rate ,25%) and corresponding replication rates. The bottom three rows show the number of discovery gene sets that replicated in at least one, two, or three of the other cohorts, respectively.
BRIDGE WB
Chronic Asthma Control Score Distributions of asthma control scores in study cohorts. In total, there were 245 Asthma BRIDGE WB subjects, 300 Asthma BRIDGE CD4 subjects, 448 CAMP WB subjects, and 177 CAMP CD4 subjects. Within each histogram, the 25th, 50th, and 75th percentiles are marked with dashed blue, solid red, and dashed blue vertical lines, respectively. In BRIDGE WB, optimal chronic asthma control was defined as a score less than or equal to six. In BRIDGE CD4, asthma control was stratified between moderately suboptimal asthma control (score <11) and severely suboptimal asthma control. In CAMP WB and CAMP CD4, optimal acute asthma control was defined as a score of zero. BRIDGE = BioRepository for Integrative Genomic Exploration; CAMP = Childhood Asthma Management Program; CD4 = CD4 1 T lymphocyte; WB = whole blood.
GSE3982, "Human immune cell transcriptome") and one C2 CGP gene set (NAKAJIMA_EOSINOPHIL). From the C2 CGP collection, three gene sets related to immature T-lymphocytespecific transcripts were enriched during optimal asthma control (LEE_DIFFERENTIATING_T_LYMPHOCYTE, LEE_NAIVE_T_LYMPHOCYTE, and LEE_EARLY_T_LYMPHOCYTE_DN), a gene set of transcripts differentially expressed in neutrophils attracted to skin lesions (THEILGAARD_NEUTROPHIL_ AT_SKIN_WOUND_DN) was enriched during suboptimal control, and a gene set of transcripts specific to immature neutrophils (MARTINELLI_IMMATURE_ NEUTROPHIL_UP) was enriched during suboptimal control. Transcriptional profiles of asthma related to eosinophils and neutrophils have been observed in induced sputum samples (24) and in blood (25) . We then examined the replicated GSEA results for the involvement of other types of inflammatory and disease pathways in asthma control (see Table E4 ). Four C2 CGP gene sets enriched for suboptimal asthma control were programmed cellular responses to specific inflammatory cytokines, including IFN-a1 (IFNA1), IFN-b1 (IFNB1), IL-6 (IL6), and IL-4 (IL4). Notably, enriched during suboptimal asthma control were a pair of gene sets related to chronic obstructive pulmonary disease case status (NING_CHRONIC_OBSTRUCTIVE_ PULMONARY_DISEASE_UP and NING_CHRONIC_OBSTRUCTIVE_ PULMONARY_DISEASE_DN). These results affirmed that our analytical strategy could identify biologic pathways underlying asthma control.
Novel Biologic Insights into Asthma Control
Encouraged by the high rate of gene set replication across cohorts and the representation of a large number of pathways biologically relevant to asthma, we next examined the 316 gene sets that demonstrated stringent evidence of replication (FDR, ,5% in the same direction in CAMP WB) for novel biologic insights (see Table E4 ). The most striking observation during manual curation of these gene sets was that expression signatures from subjects with optimal asthma control were consistently enriched for transcripts derived from lymphoid cells (e.g., CD4
1 and CD8 1 T cells and B cells), whereas signatures from subjects with suboptimal control were enriched for transcripts derived from myeloid-derived and monocytic lineages (e.g., neutrophils, basophils, mast cells, and dendritic cells). This pattern was observed across 111 gene sets derived from five independent publicly available GEO datasets that contrasted gene expression profiles between pairs of peripheral blood constituents (GSE3982, GSE22886, GSE29618, GSE10325, and GSE11057). Broadly, these reference profiles demonstrated that specific immune cell types have identifiably distinct sets of transcriptionally coregulated genes relative to one another (e.g., expressed up in B cells vs. myeloid cells), which could explain their contrasting Comparisons of gene set enrichment scores for asthma control in discovery cohort with scores in replication cohorts. Each point represents a single gene set from a given MSigDB collection (C7 or C2 CGP) that was enriched in the discovery cohort (FDR, ,5%). Position on the x-axis is the NES in the discovery cohort and position on the y-axis is the NES in the replication cohort. Gene set replication occurs when the corresponding point both lies in the lower-left or upper-right quadrants (i.e., shows directional consistency of enrichment) and is marked in black (FDR, ,25%) rather than light gray (FDR, >25%). BRIDGE = BioRepository for Integrative Genomic Exploration; C2 CGP = chemical and genetic perturbation signatures; C7 = immunologic signatures from the Human Immunology Project Consortium; CAMP = Childhood Asthma Management Program; CD4 = CD4 1 T lymphocyte; FDR = false discovery rate; MSigDB = Molecular Signatures Database, version 4.0; NES = normalized enrichment score; WB = whole blood.
biologic roles in establishing states of asthma control.
To confirm that differences in asthma control did not simply reflect differential blood cell counts, we examined measurements or estimates of those data in the two WB cohorts and found no significant differences in proportions of lymphocytes, monocytes, and neutrophils between subjects with optimal asthma control and those with suboptimal control (see Figure E4) . However, suboptimal asthma control was significantly associated with higher measured eosinophil level in CAMP WB (P = 8.5 3 10 26 ). We then performed a sensitivity analysis in CAMP WB, regressing out eosinophil level in the underlying differential expression model, and found that 81% of the sensitivity GSEA results were consistent with the original results (see Figure E3 ). Among the 316 . Biologic highlights among replicated gene set enrichments for asthma control. In the BRIDGE WB discovery cohort, the differential gene expression comparison was of suboptimal chronic asthma control (score .6) versus optimal control (score <6), in red and blue, respectively. All highlighted gene sets were significantly enriched at a false discovery rate less than 5% in BRIDGE WB and replicated in at least one other cohort. Unadjusted enrichment P values are also shown in parentheses next to the gene set name. BRIDGE = BioRepository for Integrative Genomic Exploration; ES = enrichment score; FC = fold change in expression between levels of asthma control; WB = whole blood.
strongest results, 99% were consistent, including 11 eosinophil-specific gene sets. In short, the most replicable set of enriched gene sets suggested a strong relationship of expression related to immune cell lineage with asthma control. The consistency of this expressionphenotype pattern may have reflected a specific set of underlying molecular signaling responses that promote a granulocytic inflammatory response activated during suboptimal asthma control. Further inspection of the 316 replicated gene sets revealed two interrelated signaling pathways known to drive granulocytic inflammation: TREM-1, the triggering receptor expressed on myeloid cells 1 (26, 27) ; and LPS. Expressed on monocytes, macrophages, and neutrophils, TREM-1 is an orphan immunoreceptor that amplifies inflammation induced by patternrecognition receptors (28) and interacts with the toll-like receptor 4 to promote LPS-mediated granulocytic inflammation (27, 29) . These two molecules were represented by six replicated gene sets enriched during suboptimal control that came from the C7 subcollection GSE9988 ("Innate immune responses to TREM-1 activation") (see Table E4 ), which consists of profiles derived from a study of monocyte gene expression following treatment with either a TREM-1 activating antibody, LPS, or both (30) .
The GSE9988-derived gene sets enriched in our signatures of asthma control support the preferential activation of genes induced by TREM-1 or LPS during suboptimal control. Within this pathway, the gene most differentially expressed in BRIDGE WB and demonstrating strong replication in CAMP WB was CCL23 (Table 3) , an IL4/signal transducer and activator of transcription 6-induced chemoattractant of dendritic cells (31, 32) . In GSE9988, CCL23 was preferentially up-regulated in LPS-treated monocytes. It is notable that another monocyte-related gene set that similarly included CCL23 was also strongly replicated across the WB datasets: ZHOU_INFLAMMATORY_ RESPONSE_LIVE_UP, which characterizes the transcriptomic response in macrophages to a bacterium implicated in periodontal disease (see Table E3 ). The most strongly replicated of gene sets for suboptimal asthma control was GSE9988_ANTI_TREM1_VS_ LPS_MONOCYTE_UP (Figure 4) , consisting of genes that were overexpressed in circulating monocytes on activation by TREM-1 but not LPS. Multiple individual leading edge genes from this set demonstrated strong replication in CAMP WB (Table 3) , including the transcription factor genes OLIG1, OLIG2, GFOD1, and HSD3B7. Together, these findings suggested that TREM-1 and LPS activation in circulating monocytes contributes to suboptimal asthma control.
Discussion
Despite a general intuition that expression profiling should provide novel insights into asthma pathobiology, the ability to replicate findings of disease-specific gene expression signatures in independent populations has been challenging, largely because of the lack of large, wellcharacterized populations with similarly collected phenotypic and molecular data.
Our work here demonstrating reproducible gene expression signatures of asthma control was possible because of the availability of 1,170 well-characterized subjects with asthma from the Asthma BRIDGE and CAMP studies. Across the corresponding four study cohorts, there was heterogeneity in the reported duration of asthma control (chronic vs. acute); in the distributions of these asthma control scores; and in subject demographics, disease severity, and asthma medication usage. Nonetheless, we have identified and replicated 583 gene set signatures of asthma control in blood, providing compelling support for specific molecular programs underlying asthma phenotypes.
The strongest, most consistently reproduced gene set enrichments from our discovery analysis in the Asthma BRIDGE WB samples were those also observed in the CAMP WB samples, with substantially less carryover to the CD4 1 T-lymphocyte samples. This pattern reflects the much stronger replication rates within (rather than across) tissue type. Importantly, the identified signatures in WB revealed a strong relationship between asthma control and genes expressed by specific immune cell lineages, with optimal asthma control associated with enrichment for lymphoid cell profiles and suboptimal control associated with myeloid and monocytic cell profiles. Notably, these results were robust to adjustments for measured peripheral blood cell counts in our replication cohort, and estimated cell counts in WB using the expression data itself demonstrated minimal differences in major cell population subsets. These observations suggest that the observed differences in expression between asthma control states are not simply caused by differential cell counts in the blood but rather reflect specific immune-related transcriptional pathways regulating the disease state. We identified a further subset of 316 asthma control gene sets demonstrating very stringent replication (FDR, ,5%) in our WB analyses, revealing many plausible candidate pathways for additional investigation. One of the most compelling was the apparent activation of the TREM-1 (and related LPS) signaling pathway in subjects with suboptimal asthma control. Enrichment was noted for six gene sets that were differentially expressed in circulating murine monocytes in response to stimulation with TREM-1, LPS, or both (30) . TREM-1 is a critical amplifier of inflammatory responses induced by tolllike receptor 4 (27) and other patternrecognition receptors (28, 29) . Figure 2 in a review by Colonna (29) on TREM-related immunology illustrates schematically its influence on downstream inflammatory response. Murine models also support a role for TREM-1 in the modulation of fungus-induced allergic asthma (33) , and increased expression of TREM1 was observed in transcriptomic profiles of children with nonallergic asthma (25) .
Moreover, Bucova and coworkers (34) observed increased protein plasma levels of TREM-1 among adults with more severe allergic asthma, especially among those experiencing acute exacerbations. Relatedly, indoor endotoxin exposure is also a strong risk factor for asthma exacerbation (35) . Although the TREM1 gene itself was not differentially expressed in our data, the body of transcriptomic evidence presented here implicates increased TREM-1 signaling as a potential early molecular indicator of worsening asthma control. Our work supports further investigation of the TREM-1 signaling pathway as potential therapeutic target for disrupting asthma-related inflammatory signaling.
We recognize that there are limitations to our transcriptomic study of asthma control. The compositions of our chronic and acute scores, representing the preceding 6 months and 7 days, respectively, do not correspond exactly to the 4-week ACT score widely used in clinical practice (11) , although our findings strongly suggest that our scores do provide meaningful biologic information. We stress that the profiles identified provide insights into the biology of asthma control, but should not be considered for use in the clinical setting as prognostic biomarkers. Validation of these signatures in prospective cohorts designed for assessment of real-world practice would be required. Another consideration is temporality: the crosssectional study design precludes definitive conclusions regarding causal relationships, namely whether the observed signatures are a determinant or a consequence of asthma control status. Although prospective studies would provide clarity in this regard, they are technically challenging. A potential alternative strategy could include genetic studies of asthma control, using the genes identified herein as candidates for prioritization.
In summary, we have leveraged a unique and sizable collection of phenotypic and transcriptomic data from four large independent cohorts to identify important biologic pathways of asthma control in adults. The reproducibility and specificity of these results strongly motivates embarking on functional and mechanistic investigation of these candidate asthma pathways. n Author disclosures are available with the text of this article at www.atsjournals.org.
